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CHAPTER I. INTRODUCTION
Since the Introduction of field shelling of corn by combines,
many farmers have changed from ear corn harvesting to the harvesting
of high moisture shelled corn. When the field shelling system for
corn was first developed and introduced, kernel damage was relatively
low because the ears were harvested and shelled at low moisture contents.
But the introduction of grain driers has made harvesting of high
moisture shelled corn feasible.
In the early 1900's, corn harvesting was a hand operation with
minimal machine assistance. Even with the whole family husking corn,
the job lasted into the winter. Since the introduction of field shell
ing of corn by combines, corn harvesting has become easier, earlier,
and faster than ever before, and it is now a one man operation.
Unfortunately, field shelling of corn has created a number of
problems, one of them being kernel damage. The kernel damage caused
by the harvesting machine is called mechanical damage. Current esti
mates indicate that the mechanical damage of combined corn ranges be
tween 16,4 to 79.4 percent in typical field harvesting systems (10).
Mechanical damage affects short and long-term corn storage. Saul
and Steele (71) reported that high moisture field shelled corn could
not be stored more than a few hours without deterioration in quality.
They also reported that faster drying rates were required for damaged
corn to prevent spoilage between harvesting and drying. Mechanically
damaged corn has a lower market value (30), and a lower export appeal.
BaiLey (11) estimates that American farmers lose up to four cents on
every bushel of corn they sell because broken kernels alone deteriorate
the grade and weight, and test weights are reduced by loss of fines.
Mechanical damage also decreases seed corn viability, Gomez and
Andrews (37) reported that root growth rate and germinations were
drastically reduced because of the injured corn seeds. Research has
been done both to improve the conventional shelling mechanism and to
develop new shelling mechanisms in an attempt to reduce this mechanical
damage.
In the conventional combine, the corn kernel is subjected to
mechanical damage while passing through the shelling crescent between
the steel cylinder and the steel concave, Pickard (69), USDA engineers
(83), Fox (34), and Brass (20) studied the use of a relatively soft
material, like rubber, instead of steel for the rasp bar and for the
cylinder. Although their attempts were not fully successful, some of
them show promise.
CHAPTER II. OBJECTIVES
Because the rubber roller shellers built by Fox (34) and Brass
(20) and others seemed to reduce mechanical damage, more information
concerning the rubber roller shellers under a wide range of operating
parameters was needed to establish design parameters. The objectives
of this research were:
1. To determine the effect of cylinder speed and cylinder inflation
pressure of the rubber roller sheller on kernel damage, shelling
efficiency, and feed rate at a wide range of moisture contents
of corn harvested directly from the field in a replicated
experiment.
2, To develop a numerical damage index to give a quantitative
as well as qualitative, analysis of kernel damage.
CHAPTER III. REVIEW OF LITERATURE
The review of literature shows a direct relationship between
shelling efficiency and kernel damage in high moisture corn. Johnson
et al. (A7), Morrison (66), Pickard (69), Waelti and Buchele (86),
Fox (34) and Brass (20) reported that mechanical damage Increased as
kernel moisture content increased. Current estimates indicate that
the mechanical damage of combined corn ranges between 16,4 to 79,4
percent in typical field harvesting systems (10),
Several machines have been recently developed to reduce mechanical
damage during shelling. Use of relatively soft material, like rubber,
instead of steel for the rasp bar and for the cylinder,is one of them.
Reduction of kernel damage suffered by the crop other than corn
has also been the prime objectives of several developments for
threshing of seeds and grains. Some of these attempts are of interest
to this study both because of their similarity in material and con
figuration to the mechanism used for shelling of corn.
While conducting the literature survey, the writer collected in
formation regarding the use of rubber in the shelling mechanism. The
historical development of com shelling, both conventional and non-
conventional, has been elaborately discussed by different research
workers, especially by Mahmoud (59), A short review will now be
presented concerning the use of rubber in the shelling mechanism,
both for shelling corn and other grains.
Most of the earlier attempts to use rubber in the shelling
mechanism were developed to shell small grains and seeds. Only recently
have research workers started thinking about the use of rubber-rollers
instead of the conventional steel cylinder to reduce mechanical damage
of com,
Mahmoud (59) reports that Evans made one of the earliest attempts
to use rubber for threshing grain, A continuous belt header and
thresher patent was issued to Evans in the year 1899, Evan's thresher
consists of a cutterbar, a reel and two continuous belts running in
the same direction at different speeds (Figure 1). This combined
header and belt thresher was designed for harvesting small grains. In
formation about the performance of the unit was not presented.
Bainer and Winters (12, 13) designed a seed bean thresher in 1937
with three sets of rolls (Figure 2). Two rollers had 1 in. of rubber
vulcanized to them and one roller was covered with 0.5 in, of soft
rubber. The first and second sets of rolls were driven at a peri
pheral speed of 210 fpm and the third set at 250 fpm. Field tests showed
good results as far as shelling efficiency and damage was concerned.
Bainer's thresher reduced the visible damage and the internal damage
to 0.27» and and 2,5% respectively (at 127. moisture content),
compared with 4.117o visible and 14.77o internal damage (at 10,87,
moisture content) from the regular bean thresher.
A patent was Issued to Maginn (58) in 1941, for a threshing
cylinder assembly consisting of a series of wheel-like units with
rubber lugs (beaters) attached to a pneumatic tire. The individual
elements and a typical assembly are shown in Figure 3, The independent
ly inflatable segments could be aligned on a shaft to form a bar-type
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Figure 1, Evans's belt thresher
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Figure 2, The experimental bean thresher by Bainer
and Winters (12)
separator cylinder. The beaters are individually laterally bendable
to yield circumferentially upon impact along their outer edges, while
threshing beans, peas and the like and thereby minimizing impact damage,
A similar threshing machine for vegetables (peas and beans) and
grains is described in a patent issued to Summers (78) in 1956 (Figure 4),
A series of conventional automobile tires were assembled on a shaft to
form a threshing cylinder when combined with a resilient concave con
forming closely to the contour of the several tires.
Pneumatic cylinders in conjunction with conventional grate-type
concaves have been studied by Massey-Ferguson (61). The objective of
using a pneumatic cylinder was to accomplish threshing more by rubbing
(slip) than by beating, in an effort to reduce grain damage. An
elastically yielding cylinder could pass stones and foreign materials
through the machine without damaging the cylinder or concave, as occurs
with the conventional cylinder and concave.
All tests using this pneumatic cylinder were performed on wheat,
barley and rye. The total throughput, capacity, threshing performance,
threshing efficiency and the degree of wear were investigated for the
various cereal crops both in the laboratory and in the field. At low
feed rates a considerable reduction in grain damage was achieved but
several disadvantages were reported. Some of them were; lower total
capacity, greater sensitivity to crop conditions, difficulty in main
taining dynamic balance, ineffective crop propulsion and high rates
of wear.
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Figure 3. A threshing cylinder consisting of wheel-like units
with rubber lugs was patented by Maginn in 1949
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Figure 4, A threshing drum consisting of conventional rubber tires
assembled together was patented by Summer in 1955
Kawaraura (50) reports that it is the practice in Japan to remove
husks from paddy rice with the rubber-roll type rice husker and to store
rice in the form of husked rice (or brown rice). The rice husker con
sists of devices called the rubber-roll, separating and cleaning device
(winnower, sieve, sorter) and conveying device (elevator, thrower). The
rubber-roll, the main part of the rice husker, is made by fixing a
12 to 25 mm thick vulcanized rubber cylinder to the iron core (Figure
5), The rubber-rolls were set parallel to each other with narrow clear
ance and rotated at different speeds. The rubber-roll type rice husker
has been proved to be very effective in rice husking in Japan. Ap
proximately 827,000 rubber-roll type rice huskers were used in Japan in
1964.
Wcseth (88) reports that an experimental combine threshing cylinder
invented by S, Stokland has undergone extensive field testing in cereal
grains in Europe, since 1967. In this unit, (Figure 6), threshing is
accomplished more by rubbing and less by beating than in the conventional
combine cylinder.
For designing the new style experimental drum, the main principle
of cylinder and concave has been maintained. But the cylinder has
two rubber segments which are built in such a way that the rubber can
bulge inwards, but not outwards. Because of this the cylinder will
maintain its diameter irrespective of the peripheral speeds. Beater
bars have been placed between the rubber segments to ensure the transfer
of straw and grain under all conditions. The concave differs from the
conventional in being much smoother. Every other bar is round and
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Figure 5. Rubber roll assembly for rice busker in Japan
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Figure 6, A threshing cylinder using a combination of rubber
segments and steel bars has been tested in Europe
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spaced about 16 mm apart. Development of synthetic textiles and
rubbers, as well as new methods of vulcanizing them to metal has been
helpful in the production of this type of cylinder. It has shown good
success in field trials. The threshing unit successfully separated
86-967o of the grain threshed from the crop, while the traditional type
of unit in the same combine and under the same conditions separated
84-887p, Because of the flexible cylinder and the smoother concave the
damage to the kernels was less, and the straw was carefully handled.
One of the earliest attempts to use rubber in a conventional com
bine for shelling corn was made by Pickard (69j in 1954. He made a
study of the apparent effect of rubber in the cylinder and concave.
For this he used different combinations of cylinder and concave bars.
The following combinations were reported;
1, Steel angle cylinder bars and rubber concave bars
2, Rubber covered angle cylinder bars and rubber concave bars
3, Rasp-type cylinder bars and rubber concave bars.
He concluded that rubber equipped cylinders and concaves had lower
shelling efficiencies and greater kernel damage than conventional steel
cylinders and concaves.
Another attempt was made by Cooper (27) to use rubber cylinder bars
in conjunction with rubber faced concave fillers. This did not make
any significant improvement in kernel damage either.
United States Department of Agriculture engineers (83) designed an
experimental continuous belt sheller (Figure 7) to reduce the high
12
level of damage caused by the conventional combine while shelling
corn. This device is called the "Squeeze Sheller" and consists of two
endless rubber belts. The belts rotate in opposite directions at
different speeds. The ears of corn roll through the unit and are
shelled with a progressively Intensified pressure. The squeezing
action is maintained by adjusting air pressure applied to an air
cylinder located at the discharge end. It was found that the Squeeze
Sheller was efficient in shelling low moisture corn with no apparent
damage. But the low durability of the belts, low capacity of the
sheller, and the decrease in shelling efficiency at high moisture were
the major disadvantages of the squeeze sheller.
Fox (34) designed a rubber roller sheller using the squeezing
and rolling principle of the belt sheller. His sheller consists of
two 10.5 X 15 smooth surfaced tires mounted and rotated at different
speeds such that at their nearest point the surfaces move in opposing
directions (Figure 8). He hypothesized that the repeated combination
of compression, low impact and centrifugal force Induced by the rubber
roller sheller would reduce the strength of the kernel attachment to
the cob. The wedging action of the kernels and centrifugal force would
cause failure of the fatigue rachilla attachment and the grain would be
shelled as the ear was rotated between the rollers.
It was reported that there was 97. kernel damage at 307» moisture
content and 67. at 227e compared with 30% at l67o with the conventional
type cylinder. It was also reported that the shelling was unsatisfactory
with unhusked ears, and had feeding difficulties.
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Brass (20) developed a rubber roller sheller (Figure 9) where
shelling was caused by a combination of compression and ear rotation
between a moving element and a stationary element. This sheller con
sists of 25 X 24,00-8R Goodyear smooth traad primary roller and a con
cave, An orientation roller was made from four go-cart racing-slick
tires. The conventional concept of cylinder and concave was maintained.
Both a round steel bar concave and rubber bar concave were utilized in
this sheller. Laboratory tests at different roller pressures, concave
clearances and roller speeds indicated that this roller sheller in
flicted a lower level of damage upon the kernels at all moisture con
tent levels (14, 19 and 257.) than the conventional type cylinder. It
was reported that the rubber covered concave bars reduced damage at
the lower moisture content tested, but caused a greater amount of
damage at the higher moisture content than the steel bars. But from
the point of qualitative damage analysis the rubber covered bars caused
less severe damage compared with the steel bars.
Mahmoud (59) has proposed a "dual sheller," consisting of a con
ventional combine cylinder, a shelling grate and a belt sheller like
the U.S,D.A, "Squeeze Sheller" (Figure 10). He hypothesized that the
increase in damage along the concave was evidently caused by the
repetitive impacts on the ear and shelled kernels by the combine
cylinder rasp bars. Since shelling becomes easier after some kernels
have been detached, he proposed that the above mentioned shelling
mechanism would eliminate the unnecessary impacts on the ear. He also
mentioned that the cylinder of the dual sheller would provide the high
14
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Figure 9. Brass's rubber roller sheller (20)
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impact force necessary to initiate the shelling process and would shell
the desired percentage to initiate shelling in the grate length prior
to the belt sheller. The rubbing action of the belt would complete
the rest of the shelling of the partially shelled ears. This dual
sheller was not built and tested and therefore no data are available
regarding its effectiveness.
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CHAPTER IV. EQUIPMENT AND EXPERIMENTAL PROCEDURE
Description of the Rubber Roller Sheller
The rubber-roller sheller was designed by Brass (20) in 1970.
The sheller was constructed in the form of a laboratory test stand
and was used in the laboratory for the evaluation of the shelling
principle and the kernel damage suffered by the grain in the shelling
process. The main components of the sheller and their relationship to
the total laboratory test stand are shown in the schematic diagram
of Figure 11,
The primary roller (Figure 12) was made from a 25 X 24,00-8R
Goodyear smooth tread Terra-Tire and is supported by a lit in, shaft
extending between the frame side rails. The tubeless Terra-Tire re
quired a special rim to provide internal as well as external support
to the bead for low pressure operation.
The orientation roller (Figure 13) was made by mounting together
and keying to a 1 in, shaft a series of four 4.10/3,50-5 go-kart
racing ^lick tires. They were mounted on the concave carrier assembly
such that they could be positioned adjacent to the primary roller and
such that the opposing sense of motion of the two tire surfaces would
effectively orient the corn ears prior to their entry into the shelling
crescent. The concave carrier assembly, also serves to support the
parallel bar concave and houses the adjusting arms for alteration of
concave clearances. The relative clearance of the primary and orienta
tion rollers may be easily changed by turning the two adjusting hand
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Figure 12. The pneumatic primary roller
Figure 13. The pneumatic orientation roller
20
Figure 14. A complete assembly of the rubber roller
sheller showing the hand wheels
\
\
Figure 15. The primary roller is driven directly
from a tractor PTO
21
wheels that are mounted through the frame of the sheller (Figure 14),
The concave was fabricated from thirty-two parallel 3/8 in.
round steel rods spaced on 7/8 in. centers and welded to four support
ing ribs. The concave and its supporting members constitute a five-
bar linkage. Adjustment of either end of the concave may be made in
dependently by turning the appropriate concave adjusting handle at the
rear of the concave carrier assembly.
Power for the shelling unit was transmitted from an agricultural
tractor (Oliver 77) through a conventional universal joint assembly
(Figure 15), This arrangement allowed for changes in primary roller
velocity directly from alteration of the tractor engine speed, A
double V-belt drive with a spring-tensioned idler was used to power the
orientation roller. The spring-tensioned idler allowed for adjustment
of the orientation roller position without the need for the re-
tightening of the belts.
The upper feed hopper with baffle platen and the lower collection
hopper were both mounted directly onto the side panels. The cover, to
minimize the scatter of loose kernels was made in four sections and
also has plexiglass side panels to allow visual inspection of the machine
during its operation.
Principle of Operation
The basic functional components of the rubber roller sheller are
the pneumatic primary roller, the pneumatic orientation roller and the
unidirectional bar concave. These parts and their relationship to
22
the total laboratory test stand has been shown in the schematic dia
gram of Figure 11,
Both the primary and orientation rollers rotate counterclockwise,
allowing for motion in the opposite sense at their nearest point. The
purpose of the orientation roller is to allow passage of the corn ear
into the shelling crescent only when it is parallel to the axis of the
two rollers. This is accomplished by adjusting the two rollers closely
enough so that deformation of one or both must occur to allow the ear
to pass between them. So, when the ears of corn are deposited on the
feed hopper, the orientation roller helps in proper positioning and
allows the ears to pass between the rollers. The rolling action be
tween the two cylinders with differential surface speeds also serves
to subject the ear to several cycles of compressive loading before
its entrance into the concave area.
After passing the orientation roller, the ears roll between the
concave and the primary roller. The inflation pressure of the
pneumatic primary roller determines the magnitude of the load applied
to the kernels of the ear. Shelling is induced in the concave area
by the combination of rolling action and repeated compressive loading
imparted to the rows of kernels as the ear passes over the uni
directional bar concave. The open area of the concave between the
concave rods and the end of the concave allows discharge of the grain
once it has been detached from the cob. After shelling, the cob con
tinues to roll toward the end of the concave and, along with some of
the grain, empties into a collection pan.
23
Selection of the Operating Parameters
The review of literature classified the different parameters
that are associated with corn shelling into two broad classes:
a. Biological Parameter
b. Machine Parameter
Biological parameter
The different biological parameters that effect kernel damage and
shelling efficiency are as follows:
1, Variety
2, Kernel moisture content
3, Kernel strength
4, Kernel detachment force
5« Pericarp thickness
6, Cob moisture content, and
7, Cob strength .
Waelti and Buchele (86) made an extensive study to correlate the
physical properties and morphological characteristics to kernel damage
as a result of the shelling operation. They reported that the most
Important plant properties influencing mechanical damage were kernel
detachment force, kernel strength, initial and final kernel thickness
(kernel deformation), and cob strength. They also reported that low
kernel damage was associated with low detachment force, high kernel
strength, low kernel deformation and low cob strength. They experi
mented with five Pioneer varieties, Pioneer 3618, 3558, 3414, 3376
and 3306. They found that kernel strength varied between varieties and
24
the same Is the case with kernel damage. Pioneer 3376 had the lowest
damage followed by Pioneer 3558, Pioneer 3618 and Pioneer 3414 had
similar damage at 207. moisture content, but at 307» moisture, Pioneer
3618 had about 67. more damage. So, variety was found to be one of the
biological factors that effects kernel damage.
Hence, it was decided to use one variety for better evaluation of
the machine parameters. Pioneer 3369A was selected and used throughout
the test. Another reason to select this variety was that, this was
one of the late varieties available on the farm and gave additional
time to the writer to set up the machine before the corn was ready
for harvesting.
Another important biological parameter is the kernel moisture
content, Johnson et al, (47), Hopkins and Pickard (41), Waelti and
Buchele (86), Brass (20), Ayres et al, (10) all reported that
mechanical damage Increases with increase in moisture content of the ker
nel. A current estimate (10) indicates that the mechanical damage
of combined corn ranges between 16.4 to 79.4 percent in typical field
harvesting systems. The highest damage occurs at the extremes of the
grain moisture and minimum kernel damage occurs around 197e kernel
moisture, Arnold (5) working with wheat reported that seed viability
decreases more rapidly as the moisture content drops below 17.57.
moisture content.
Hence it was decided to select the range of moisture content in such a
way that it represents typical moisture content for field harvesting of corn
25
The highest and lowest level of moisture content selected were 29 and
18 percent respectively. The other levels of moisture content were 20,
24 and 26 percent.
Another biological parameter is the cob moisture. Morrison (66) and
Burrough and Harbage (21),reported that the percentage of kernel left on
the cob by the shelling unit was almost directly proportional to the
kernel moisture. The cob moisture was not considered to be an independent
parameter in this experiment. It was intended to relate the shelling ef
ficiency with kernel moisture rather than cob moisture,
Mahmoud and Kline (60) reported that various types of kernel d^-
age had a very low correlation with pericarp thickness, but only the
hidden damage was found to be highly correlated to pericarp thickness.
So pericarp thickness was not considered to be an independent variable
in this experiment.
Machine parameters
The important machine parameters that affect kernel damage and
shelling efficiency are as follows:
1. Cylinder speed
2. Cylinder pressure (if pneumatic)
3. Cylinder type
4. Inlet and outlet concave clearances
3. Concave length
26
6. Machine feed rate
7, Orientation of ears
One of the most important machine parameters is the cylinder
speed. Goss et al« (38), Morrison (66), Barkstrom (14), Hopkins and
Pickard (41), Fox (34), Brass (20) and Mahmoud (59) all reported that
the higher the cylinder speed the higher is the kernel damage and the
shelling efficiency. Other research workers such as Arnold (5),
Kolganov (54), Vas and Harrison (85) and King and Riddolls (52) all
working with wheat and other grains reported that high cylinder speeds
were the chief factor in causing visible and invisible damage to grain.
Hence, it was decided not to run the sheller at a higher speed.
Trial runs showed that complete shelling of high moisture corn was
possible even at 400 RPM. So it was decided to run the sheller at four
different levels of speeds: 175, 250, 350 and 450 RPM.
Another important machine parameter for the rubber-roller sheller
is the cylinder pressure. The inflation pressure of the pneumatic primary
roller determines the magnitude of the load applied to the ear. Brass
(20) reported that roller inflation pressure was not significant with
respect to the level of total damage; but the most significant inter
action at 17, level was roller inflation pressure and grain moisture
content. He also reported that the feeding of the rubber-roller sheller
Improved considerably by decreasing the inflation pressure. He tested
the sheller at three levels of inflation pressure: 7, 11 and 15 p.s.i.
The author intended to see the effect of inflation pressure on
kernel damage, shelling efficiency and feed rate, at a wider range of
27
the cylinder inflation pressure. So it was decided to run the
sheller at four levels of Inflation pressure; 6, 10, 14 and 18 p.s.i.
Another machine parameter is the machine feed rate. Arnold (5),
and Vas and Harrison (85) reported that mechanical damage of wheat in
creases as the feed rate decreases. Brass (20) also cited some ex
amples which show that this is true for corn too.
Brass (20) made a theoretical calculation about the capacity of
the sheller. He assumed that primary roller speed of 200 RPM and a
primary to orientation roller surface velocity ratio of 3:1, the
dwell time was approximately 0.04 seconds for the roller diameters
used in the sheller. It was assumed the weight of the grain on each
ear to be 0.5 pounds. Assiiming continuous feeding, the theoretical
shelling capacity of the sheller was found in excess of 800 bushels
per hour. The writer made a preliminary study to determine the actual
feed rate. The ears were fed from a conveyor parallel to the cylinder
axis. With a cylinder speed of 350 RPM, inflation pressure of 12 p.s.i.
and for 17.7% moisture content corn, the maximum feed rate available
was 116.5 bushels per hour.
It was one of the objectives of this experiment to study the effect
of cylinder speed and inflation pressure on the feed rate and to deter
mine the effect of feed rate on total kernel damage and shelling ef
ficiency. For this purpose the input feed was kept constant, so that
it could not effect the other variables. An input feed of l/30th of
a bushel was selected; this was found to be a convenient and easy batch
to prepare for each run.
28
Another machine parameter which effects the kernel damage is the
orientation of the ears while feeding into the machine. Arnold (6)
reported wheat and barley drimi losses were less than half of those when
the crop was presented head first to the drum as compared with butt
first; the parallel arrangement was intermediate. Kawamura (50) reported
that paddy rice is easily husked when it is fed with its pose length
wise. Mahmoud (59) reported that roll-in orientation of corn ear
suffered the least damage, while the tip-in suffered the most. Randomly
fed ears experienced medium levels of damage. The tip-in orientation
had as high as 60% kernel damage compared to 307. for the roll-in
orientation at 30% moisture content.
The orientation roller was supposed to orient all the ears before
entering into the shelling crescent. But in trial runs it was found
that if the ears were not fed parallel to the cylinder axis, some of
the ears would get into the shelling crescent in tip-in position and
consequently get stuck. Some of them used to get kicked out of the
sheller. To avoid this situation and to reduce the kernel damage all
the ears were previously oriented on the top of the hopper with the
help of a slanting sheet of metal. The slanted sheet of metal helped
in rolling the ears smoothly parallel to the axis of the cylinder.
The other machine parameters such as cylinder type, concave
length and concave clearance were kept constant. The concave clearances
were set at 5/8 in. at the rear and 1-3/4 in. in the front.
The different variables used in this experiment are summarized
as follows:
Grain moisture content
(7» wet basis)
18
20
24
26
29
29
Roller speed
(rpm)
175
250
350
450
Roller inflation
pressure(psi)
6
10
14
18
Data Collection
The consnercial variety of corn Pioneer 3369A was used in this
experiment. The corn was hand picked and husked from Iowa State Uni
versity Research Center fields. All the defective ears were discarded
while picking the ears. Because the moisture distribution varied
throughout the fields more than one moisture level was available for
testing at a time. The levels of kernel moisture content used were
29, 24, 22, 20 and 18 percent (wet basis).
As mentioned earlier, a constant input feed of l/30th of a bushel
was used. The weight of ear corn required to yield one bushel of
shelled corn at desired level of moisture content was obtained from a
conversion chart developed by Schmidt (72), This chart was designed to
estimate the pounds per bushel from kernel moisture content and
shelling percentage. The procedure involved determining the ratio of
the weight of kernels in an ear of corn to the total weight of the ear.
This ratio has been referred to as the shelling percentage. The
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moisture content of the kernels was also determined. A Radson 300
moisture tester was used for this purpose (Figure IS). The moisture
content and the shelling percentage were determined for three ears and
the average of these three values was used to read from the chart
(Appendix A) the weight of the ear corn required to produce one bushel
of shelled corn. This data was then converted into grams for l/30th
of a bushel.
The four levels of cylinder speed (175, 250, 350 and 450 rpm),
four levels of roller inflation pressure (6, 10, 14 and 18 PSI) and
three replications of each treatment resulted in 48 samples at each
level of moisture content. The total number of samples for the five
levels of moisture content (18, 20, 22, 24 and 29) resulted in 240
samples.
Before starting the shelling test, the concave clearnace was
checked both for the front and the rear. The tire inflation pressure
was checked with the help of a tire pressure gauge. The starting tire
pressure was kept at 18 PSI so that the consequent pressures could be
obtained simply by releasing the air, i,e., lowering the pressure.
The sheller was then connected to the P.T.O. shaft of an agricultural
tractor (Oliver 77) through a conventional universal joint. The rpra
was then checked by a tachometer, A hole was drilled through the
frame into the side of the roller shaft to use the tachometer. This
helped to get the actual rpm from the cylinder shaft rather than from
the tractor speedometer.
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For a given cylinder pressure, three replications of each of the
four cylinder speeds were run. Then the cylinder pressure was lowered
and the process was repeated. This process was repeated for all levels
of moisture content.
The ears were placed side by side on the hopper In the roll-In
position, A stop watch was used to count the shelling time. The
shelling time was considered to be time the sheller took from the first
ear entered to the last cob exited. This time was then used to detar-
mine the feed rate of the sheller.
Immediately after every run, all the unshelled kernels were re
moved from the cob and weighed. The weight of the shelled kernels from
each sample was also obtained by subtracting the weight of the cobs and
unshelled kernels from the total weight of the ears. The weight of the
shelled kernels was used in conjunction with the weight of the unshelled
kernels to determine the shelling efficiency of each run. The shelling
efficiency was defined as the ratio of the weight of the shelled kernels
to the weight of the both shelled and unshelled kernels. The shelled
kernels were then mixed thoroughly and two 200 gram samples were ob
tained by using a Boerner divider (Figure 16) for moisture content
determination and damage evaluation.
The moisture content was determined on wet basis, which is defined
as the ratio of the pounds of water per unit to the total weight of the
unit (43), For moisture determination, one 200 gram sample was dried
In a drying oven at 200^F for 72 hours (Figure 17), The difference in
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weight before and after drying gave the weight of the water. The
other subsample of 200 grams was dried to 157o moisture content at
slightly above room temperature for damage evaluation at a later stage,
The small drier used for this purpose is shown in Figure 19,
Figure 16, A Boerner grain
divider
Grain
Tester
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Figure 18. A Radson Model 300
grain moisture
tester
Figure 17, A drying oven
Figure 18. The sample drier
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CHAPTER V, REVIEW OF LITERATURE ON DAMAGE EVALUATION
TECHNIQUES FOR CORN
Introduction
Evaluation of mechanical damage has always been one of the most
elusive problems associated with the harvesting, handling and marketing
of corn, A standard method to describe the quality of corn from the
standpoint of physical or mechanical damage has not yet been developed.
One of the major problems associated with evaluation of mechanical
damage is determining which kernels are damaged and which are not.
Whether a kernel is considered to be damaged or not depends to a large
extent on the ultimate use of the grain. The following factors outlined
by Kaminski (49) broadly relate the effects of damage to grain quality
for different users;
a. Numerical grade to the farmer--The USDA grain marketing
standards relate price to overall seed quality and the farmers
are interested in obtaining the highest price for their grain,
b. Storability of grain--How does grain damage affect the quality
and dry matter of grain stored under specific conditions for
a certain period of time?
c. Handling abllity--In the export of grain, there is an interest
in evaluating mechanical damage to grain on the basis of its
resistance to additional crackage during subsequent handling,
d. Seed viability--A seed grower evaluates seed on the basis of
its capability of developing into an acceptable seedling.
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Each of these people follow different methods for evaluation of
grain damage. They are interested in a particular aspect of the grain
depending on its ultimate use to them. Because of differences in ulti
mate use, different damage evaluation methods have been followed.
Consequently no simple, consistent and conclusive method has been de
veloped.
Methods of Evaluating Grain Damage
In general the grain damage can be classified into two categories--
external and internal. Both damages might result from either physical
or physiological change in grains at the field and during storage and
handling. External damage (physical) is caused mostly by combines and
handling equipments while internal damage (physical) is caused mainly
by climatic or environmental change of air surrounding grains (24).
Methods for evaluating external grain damage
The following are the different methods that are being used for
the evaluation of external grain damage.
U.S. official grain grading standards About the middle of
the 1800*s as farmers moved farther westward they found that they had
to ship their grains back to distant points in the east. There was a
need for common language to describe the quality of grain that was sold.
In the 1850's the Chicago Board of Trade made the first attempt to
describe wheat quality. Later they assigned numbers to grades. Follow
ing this lead, Boards of Trade in other cities and states established
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standards and appointed inspectors. It was found, however, that there
were still problems, because there were many disagreements regarding
the interpretations of terms like "Dry", "Damp", "Plump" and "Sound"
etc. This situation created pressure for some kind of unified grading
system.
The first official U.S. grade standards were established in 1916
with the passage of the U.S. Grain Standard Act. The grades and grade
requirements are established by the U.S. Department of Agriculture.
From time to time, the standards have been revised to reflect changing
conditions and the needs of the grain industry.
Factors in the official grain standards of the United States for
corn (84) that determine grade include: (1) Class or colors, such as
yellow corn, white corn or mixed corn; (2) factors that determine the
numerical grade, such as minimum test weight per bushel, moisture con
tent, broken corn and foreign material, damaged kernels, heat damaged
kernels, and the presence of other classes or kinds of grains.
There are six grades for shelled corn. The highest numerical
grade is No. 1 and the lowest numerical grade is No. 5; however, the
sixth grade is known as sample grade and is the lowest of all. If one
or more of the grading factors is lower than the minimum requirement
of the numerical grades, the grain falls into the category of sample
grade. Grains that are heating or have soured or have commercially
objectionable odor, contain unseparable stones, or are unsafe for
storage or transportation are also graded as sample grade.
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One of the major problems with the grading system is that quality
and storability varies widely within a given grade. For example, un
damaged No, 2 corn (15.57# moisture content) has good storability
properties, while 50% visibly damaged No, 2 corn with the same level of
moisture content (not evaluated in the grading system) has poor stora
bility properties.
The USDA niunerical grading system was established at a time
when corn was shelled at low moisture with minimal damage. The
adoption of combining corn at high moisture has introduced substantial
levels of kernel damage. Combined shelled corn contains a small portion
of grain fines{ however, the bulk of the kernels are seriously damaged.
Such damage includes broken, crushed or chipped kernels, kernels with
hairline crack or spots of pericarp missing. But the contemporary
grading systems does not account for all these types of mechanical
damage. The official grain standards of the USDA Include as a measure
of cracked corn and foreign material a screening process using a No. 12
(12/64 in round hole) sieve.
As this grading process does not separate all the kernels that
have been mechanically damaged, thus any attempt to use the results
other than in a relative sense implies a correlation between the
screened material and total damage. This relationship has not yet been
verified in the literature.
In recent years, the U.S. grading standards have been under
constant criticism by several agencies. Most of the criticism has been
directed toward test weight, moisture content, cracked com and foreign
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material as the major factors in determining numerical grades. De
tailed information and discussion of these factors are presented by
Bailey (11), Kamlniski (49), Maywald (62) and Uhrig (80). In spite of
all its disadvantages, U.S. grading has been widely used both by the
commercial people and the research workers (32, 38, 49, 69).
Quantitative visual inspection One common method of measuring
mechanical damage of seed in research activities is by visual inspec
tions, The principal advantage of this procedure is that each damaged
kernel is noted and not obscured by the total mass. On the other hand
these methods are very time consuming and human fatigue influences the
results (74). Several researchers (63, 66, 71, 76) have used visual
inspection to evaluate mechanical damage. They defined mechanical
damage as the percent of total weight consisting of fines, chipped
kernels and kernels with hairline cracks on the seed coat.
Visual inspection has been improved by using Fast Green FCF dye.
The stain adheres only to the broken places in the pericarp and to the
tip where the kernel has been attached by the pedicel. After the dye is
washed off the surface, the stained areas are easily detected. This
technique has made visual inspection easier and faster. On the other
hand, the stain has no biological effect, so the seed can later be
used for germination or emergence tests. The Fast Green FCF dye has
widely been used by different investigators (10, 20, 34, 53).
Qualitative visual Inspection Most of the visual inspections
that have been performed on grain damage have been concerned with the
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quantitative level of kernel damage. Every damaged kernel separated
from the sound kernel was given equal weight in the damage analysis and
no consideration was given to the severity of the damage on the kernel.
Since mechanical damage occurs on a continuous scale from hair
line cracks and tiny spots of pericarp missing to complete breakage,
some research workers (20, 53, 54, 60) have divided the damaged samples
into several severity categories. For example, Brass (20) classified
his sample into four classes for qualitative evaluation of damage such
as: severe damage, embryo damage, crown damage and pericarp damage.
This type of classification has provided better description for the dam
age Inflicted in shelling. However, difficulties are encountered in
classifying borderline cases and human judgement also affects the results,
Corn breakage tester This test has recently been developed.
It involves measuring the increase in fine material caused by subject
ing the sample to impact by a rotating impeller in a test chamber for a
specific time. The corn sample is sieved before and after the mechanical
treatment using the standard 12/64 inch round hole sieve. The damage
is established as a percent by weight of fines produced by the mechanical
impact. The test results are sensitive to the grain moisture content
at the time of testing (49, 59). The breakage tester is occasionally
used for corn when evaluating grain damage by an Improper drying prac
tice (24),
Electric color sorting technique Colorimetric principles and
procedures for sorting agricultural products came Into wide use in the
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1950*s to eliminate or minimize errors in grading foods such as rice,
meats, sweet potatoes, tomatoes and eggs, Boyd et al. (18) have re
ported on the use of photoelectric color sorters for sorting damaged
kernels in conjunction with germination tests for different types of
seeds. They observed that kernels with cracked seed coats did not have
enough color difference in the damaged areas to be detected by the
photocells. When some dyeing agents were used to accentuate the
damaged areas, partial success was reported. It was reported that
this method will require more suitable and practical methods for ac
centuating color differences of damaged areas.
Water adsorption method An investigation was carried by Chung
and Park (25) to study the adsorption kinetics of water vapor by sound
and various damaged grains at several environmental conditions and to
examine the possibility of grain damage by the adsorption rate. They
found that the level of a given type of damage could be detected by
the adsorption rate difference method; but the application of this
method for grain grading was not practical because the adsorption rate
depended considerably on the initial moisture content, history of grain
and the degree of damage.
Infra-red photographic technique Chung and Park (26) also
made a feasibility study of using infra-red photographic technique for
grain grading. The results indicated that all colors of objects tended
to show yellow or yellowish green. Therefore, it was difficult to get
a clear contrast between samples examined.
41
Light absorption method Another study was made by Wlrtz (89)
to use the optical characteristics for detection of grain damage.
Helium-neon laser was used as a nearly coherent illuminating source in
a simplified spectroreflectrometer. It gave a considerable experi
mental error because of the reflected radiation that was not detected
due to the irregular surface shape of the samples«
Relaxation time method Mahmoud (59) studied the development of
a technique for evaluating mechanical damage by using the bulk density of
the shelled corn. He observed that bulk density of shelled corn de
creased linearly with Increase in damage. He concluded from his ex
periment that the compressive energy and time of relaxation with ap
propriate levels of compressive forces were the best indices for
measuring damage in shelled corn. However, this method Is not sensitive
enough to distinguish between damaged samples.
Carbon-dioxide production method Measurements on the rate of
grain respiration have frequently been made, but have not been related
to the extent and characteristics of mechanical damage except by Steele
(76), The increase in the rate of deterioration (or dry matter loss)
caused by mechanical damage was estimated by measurement of correspond
ing increase in carbon dioxide production of the grain. Although rela
tively consistent results have been obtained, this procedure requires
considerable time and specialized equipment,
Spectrophotometric analysis Agness (2) reported on a bulk test
based on the assumption that mechanical damage will reduce the
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effectiveness of the seed coat as a barrier. Thus damaged kernels will
absorb liquids faster and allow certain substances to be more readily-
extracted from the kernels when soaked in water. He observed that
spectrophotometry analysis of water extract from damaged samples showed
more turbidity indicating higher concentration of solubles. However,
he also noted that it was extremely difficult to distinguish between
different levels of damage.
Soak test Another technique that has been applied to aid
visual determination of damage in corn is soaking of the seed in a
sodium hypochlorite solution. This procedure tends to swell minute
cracks in the seed that might otherwise be overlooked. This technique
has been used for the evaluation of soybean seed damage,too (70).
Methods for evaluating internal damage
The following are some of the methods that are being used or
have been tried for the evaluation of internal grain damage.
Standard germination test Germination and seedling emergence
tests have been used as a measure of mechanical damage by several re
searchers. This test is being used by all seed producers to evaluate
seed quality. Mechanical damage is only one of the many factors that
affects the results. Kolganov (55) investigated the effect of
mechanical damage on germination, germination energy and growth
vigor of wheat. Damaged wheat seed germinated well; however, growth
vigor was reduced. There was a marked reduction in the emergence of
these seedlings and a reduction in the weight of the plants at a later
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stage. This method, however slow, not only indicates the effect of
damage on the potential for emergence, but allows for differences in
vigor of the surviving plants as well.
Acid germination test This test, promoted by National Insti
tute of Agricultural Engineering, Silsoe, England, is a more sensitive
test in which the seed is soaked in a sulphuric acid solution for two
hours. After this, the seed is washed both with calcium carbonate
and with water before being allowed to germinate. The acid penetrates
through any breaks in the seed coat and destroys the embryo, thus pre
venting a mechanically damaged seed from germination. Arnold (6) in
experiments with various threshing cylinders, used acid germination
tests to Identify mechanical damage in barley. A disadvantage of this
type of test is that results are not quickly available, since germina
tion count cannot be made for several days.
Tetrazollum test Tetrazolium staining, promoted in the United
States by Moore (64, 65), has also been used by several researchers as
an indication of grain damage. For this test, the seed is usually cut
longitudinally, and the embryo is stained with a chemical named 2,3,5
triphenyl tetrazolium chloride. The chemical reacts with an enzyme,
supposedly present only in the live embryos, causing a red coloration
of the embryo. This method requires a good knowledge of the seed parts
and a great deal of experience because the difference in staining is
difficult to detect.
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X-ray technique X-ray technique has been applied to check for
Internal damage (insects and fractures). Cardwell and Crawford (23)
tried to use this technique for the detection of internal fracturing
in wheat, corn and rice. They tried to use this technique with contact
radiograph, contact fluoroscopy, direct X-ray transmission and X-ray
stereographs. They reported that, using X-rays in the range of 10 to
20 kilovolts with five or fewer milliamperes tube current, little dif
ferences in the quality of the photograph were noticed.
Candling method Thompson and Foster (79) reported that stress
cracks in corn induced during drying account for the increased break
age in subsequent handling. They used a candling method for determining
internal stress cracks in individual corn kernels. A 150 watt in
candescent light source was enclosed in a box below a small rectangular
glass covered hole, the kernels were positioned over the hole, holding
the embryo side toward the light source. Cracks were readily de
tected and classified according to patterns.
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CHAPTER VI, DEVELOPMENT OF A NUMERICAL DAMAGE INDEX
Although greatly needed, there Is no standard method to describe
the quality of grain from the standpoint of physical or mechanical
damage. And without a standard method^ the equipment manufacturer
cannot determine when he has developed an improved harvesting machine,
the farmer cannot determine when he is harvesting good quality grain,
and the grain industries cannot determine when they are processing a
high quality product.
A numerical damage index was developed for quantitative, as well
as qualitative, evaluation of kernel damage. By using a Boerner grain
divider, a 100 gram sub-sample was divided from the dried sample, which
had been previously collected while running the rubber roller sheller,
for damage evaluation. The 100 gram sample was then passed through a
12/64 inch round hole sieve, and the material passed through the sieve
was then weighed on a Mettler scale. The rest of the kernels from the
100 gram sample were soaked in a Fast Green FCF dye for 4 minutes and
were placed on a strainer. Excess dye was washed away with running tap
water (Figure 20). Dyed samples were then spread on paper mats to dry
for 24 hours before they were visually assessed for damage. For damage
assessment, the kernels were inspected under a magnifying glass (Figure
21). Akernel was considered damaged if it was broken, cracked, chipped,
had bruised pericarp, or any hairline crack on the pericarp. The Fast
Green FCF dye stained these damaged parts and eased the inspection task.
Anumerical damage index was developed in \rfiich the damaged kernels
were divided into four categories according to the severity of damage.
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Figure 20. Samples were sieved prior to staining the
remaining seeds with Fast Green FCF dye
%
Figure 21. Author is analyzing the damaged samples
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The categories are:
s Broken kernels and the foreign material that passed through
12/64 inch round hole sieve
D2 = Severe damage — broken, chipped, and crushed kernels (more
than 1/3 of the whole kernel missing) (Figure 25)
B Major damage open cracks, chipped, and severe pericarp
damage (Figure 24)
= Minor damage -- hairline cracks and spots of pericarp missing
(Figure 23)
s Whole kernels -- did not absorb dye on any part except root
tip (Figure 22).
Each kernel was separately checked by visual inspection under the
magnifying glass (Figure 21). Damaged kernels were divided into four
categories. The damaged kernels in each category were weighed, and
the percentage of damage in each category was calculated on weight
basis as follows:
D=H X 100
w
where D » percentage of total damage
w a weight of the damaged fraction (gram)
WB sample weight (gram)
The next step was to make a comparative study of the severity of
damage of these four damage categories compared with sound kernels.
For this purpose, 50 kernels (at random) from each category were planted
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in a standard sand bed germination test (Figure 26). The results of
the standard germination test for 10 replications of each category are
shown in Table 1, The percentage of seed not germinated was calculated,
and the figures were divided by 10 to get a multiplying factor for
the different categories according to the severity of damage.
Table 1, Standard germination test for damaged and sound kernels
(% germinated)
Dl D2 D3 D4 D5
0 8 50 86 94
0 8 50 78 84
0 6 46 80 100
%
0 6 40 74 92
%
0 6 44 66 82
0 4 36 68 86
0 2 10 80 74
0 6 32 78 92
0 2 43 78 90
0 2 30 78 92
Average 7* germination 0 5.0 38.6 76.6 88.6
% seed not germinated 100 95.0 61.4 23.4 11.4
Multiplying factor for
damage index 10 9.5 6.14 2.34 1.14
For ease of calculation of the damage index, an approximate multiplying
factor was decided for the different categories:
(Broken kernels and fine material) » 10
D2 (Severe damage) = 10
D3 (Major damage) = 6
(Minor damage) a 2
(Sound kernels) s 1
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The damage index is then calculated by making a visual inspection
of a 100 gram sample and dividing the sample into 5 groups. The per
centage weight of the different damage categories is then used to
evaluate the damage index. The damage index is calculated as:
(d. + d„) + D2> + (d3)(D3) + (d^XD,)
Damage index, D.I, (1)
10
where dj^ = percentage weight of Dj^ class
^2 - percentage weight of D2 class
d3 s percentage weight of D^ class
d^ s percentage weight of D^ class.
Substituting the values of D^^, D2, D^, and D^ in equation (1), the
equation reduces to:
(d, + dJ(lO) + d,(6) + d (2)
D.I. « -i 1 5 5 (2)
10
and D.I. s Q, when the whole lot of the damaged sample consists of
sound kernels (i.e., dj^ = 0, d^ = 0, d^ = 0, and d^ = 0),
D.I. » 100, when the whole lot of the damaged sample consists of
broken corn, fine material, chipped, and crushed kernels;
(i.e., + ^2 "
In this instance, only the seed viability has been considered for the
evaluation of damage index. Other factors, such as storability, CO2
production, and handling ability of the corn, have not been considered,
but could be considered as the basis for a damage index. Indeed, the
damage index is related to some biological properties of the grain
(germination, CO2 productlon--for example).
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Advantages of the Numerical Damage Index
1. The reading of a Damage-Meter, if and when it is developed,
should compare favorably with the Damage Index,
2. The damaged samples are evaluated in terms of fine material,
broken, chipped, and crushed kernels.
3. The damage index represents both quantity and severity of the
damaged kernels.
4. Critical comparison can be made between harvesting machines
or between adjustments of harvesting machines.
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CHAPTER VII. STUDY OF INTERNAL GRAIN DAMAGE
The viability of corn kernels shelled by the combine rasp bar
cylinder and the rubber roller sheller was determined by dividing the
shelled corn into four different classes of kernels:
a. Sound kernels
b. Minor damaged kernels
c. Major damaged kernels
d. Severely damaged kernels
The viability was determined by conducting a standard germination
test in four replications on 50 kernels from each group (Figure 26).
The results are shown in Table 2. The sound kernels from the rubber
roller sheller had only 64.57., germination, even less than the minor
damaged kernels, which had 767o germination. It was expected that the
sound kernels should have around 90 to 957» germination.
To compare this confusing result, germination tests were conducted
on seeds from the same field of the same variety shelled by the rasp
bar cylinder of a conventional combine. The results are shown in Table
2. This time the result was more consistent. The germination of sound
kernels and minor damaged kernels was 92.37« and 79.57., respectively.
Other than 287« difference of germination of sound kernels, the rest
of the groups had closely similar results in both cases.
To find a clue for lower germination of the sound kernels shelled
by the rubber roller sheller, sound kernels from both shellers were
studied using the tetrazollum test. When sectioned seeds were treated
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Table 2. Standard germination test for seeds from rubber roller
sheller and conventional combine
Shelling operation Percentage of germination in
Sound Minor Major Severe
kernels damage damage damage
Rubber roller sheller
72
78
72
86
44
40
10
6
52 72 48 6
56 74 62 6
Mean 64,5 76 48.5 7
Conventional combine 94 86 50 8
84 78 50 8
100 80 46 6
92 74 40 6
Mean 92.5 79.5 46,5 7
with tetrazolium,live embryos turned red, while dead embryos remained
undyed. Examinations were made of the condition of the embryo and the
internal structure of the kernels. To our great surprise, most of the
sound kernels from the rubber roller sheller had failed in shear; an
internal crack was located between the embryo and the endosperm. The
sound kernels from the conventional combine were almost crack-free
(Figure 27), The different types of internal cracks found in sound
kernels are shown in Figure 28, Some of the cracks started at the top,
and some went all along the cross section, but did not show up outside.
It is hypothesized that these internal cracks are one of the reasons
for the death of the embryo and, consequently, no germination.
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Figure 26, Standard sand bed germination test
Bl I
Figure 27, Sectioned externally sound kernels
1, From rubber roller sheller--with crack
2, From combine cylinder--crack free
Figure 28, The different types of internal cracks observed in
sectioned sound kernels from rubber roller sheller
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CHAPTER VIII. RESULTS AND DISCUSSION
The analysis of variance (Table 3) Indicated that moisture content,
cylinder inflation pressure, and cylinder rpm have a highly significant
effect (at the 17» level) on shelling efficiency. The interaction be
tween cylinder rpm and inflation pressure also was significant at the
17, level. The effect of moisture content on shelling efficiency is
illustrated in Figure 29. The increase in moisture content decreased
shelling efficiency. The interaction between cylinder rpm and inflation
pressure is illustrated in Figure 30. The increase in cylinder rpm
increased shelling efficiency. Shelling efficiency also increased
with an increase in inflation, pressure. The increase in the cylinder
rpm sharply increased shelling efficiency for the cylinder inflation
pressure of 6 and 10 psi. The increase in shelling efficiency with in
creased cylinder rpm for the cylinder inflation pressure of 16 and 18
psi, however, was not that sharp as they became asymptotic with 100%
shelling efficiency.
Brass (20) did not study the effect of cylinder inflation pressure
and cylinder rpm on shelling efficiency. He did study the effect of
kernel moisture content on shelling efficiency. He also reported that
shelling efficiency decreased with increase in moisture content.
Figure 31 demonstrates how the shelling of corn kernels off the
cobs increased with increase in cylinder inflation pressure. Figure 32
shows the kernels left unshelled with typical combine harvesting.
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Table 3, Analysis of variance for shelling efficiency
Source Sum of
squares
Degrees of Mean F value
freedom square
MC^ 5836,.29 4 1459. 07 12. 37**
PSI^ 25343,.04 3 8447. 68 71. 66**
RPM^ 17489,.86 3 5829. 95 49. 46**
MC*PSI 2487,.18 12 207. 26 1. 75
MC^RPM 2410. 50 12 200,.87 1 .70
PSI*RPM 3253. 18 9 361,,46 3 .06**
Residual 4243. 30 36 117,.86
Corrected total 61063,.38 79 772 .95
®MC » kernel moisture content, in this table and all subsequent
tables,
^PSI = cylinder inflation pressure, in this table and all subsequent
tables.
^RPM a cylinder speed, in this table and all subsequent tables,
** Significant at 17» level.
The analysis of variance (Table 4) indicated that the moisture
content, cylinder inflation pressure, and cylinder rpm have a highly
significant effect on damage index. They were all significant at the
17« level. The effect of the moisture content on the damage index is
illustrated in Figure 35. The damage index increased as the moisture
content increased. The damage index increased most sharply with 18 - 20
percent and 26 - 29 percent moisture content. Brass (20) also reported
that moisture content had a highly significant effect at the 17« level
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Table 4, Analysis of variance for damage index
Source Sum of
squares
Degrees of
freedom
Mean
square
F value
MC 27647.75 4 6911.93 18.97**
PSX 14061.24 3 4687.08 12.86**
RPM 14269.40 3 4756.46 13.05**
MC*PSI 2381.22 12 198.43 0.54
MC*RPM 5835.49 12 486.29 1.33
PSI*RPM 5180.18 9 575.57 1.57
Residual 13114.52 36 364.29
Corrected total 82489.83 79 1044.17
**Sigtiifleant at 17. level.
on total kernel damage. But he reported that minimum kernel damage
occurred at 19 percent moisture content which was not true in this study.
The effect of the cylinder speed on damage index is illustrated
in Figure 36. The increase in the cylinder rpm increased the damage
index. Brass (20) also reported that roller speed was significant at
the 17. level for total damage.
The effect of the cylinder inflation pressure on damage index is
illustrated in Figure 37, It shows that damage index increased as
cylinder inflation pressure increased. This result was in contradiction
to Brass's result. However, he conducted his experiment with relatively
dry corn, smaller number of replications and a smaller number of variables,
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The analysis of variance (Tables 5, 6, 7, 8) Indicated that
kernel moisture content has a highly significant effect (at the 17- level)
on the different categories of kernel damage. The cylinder inflation
pressure was found significant at the 1% level for broken corn,
foreign material and severely damaged kernels, at the 5% level for
major damage and Insignificant for minor damage. The cylinder speed
was found significant at the 17. level for severe and major damage,
at the 57o level for minor damage and Insignificant for broken corn and
foreign materials.
The analysis of variance for feed rate (Table 9) Indicated that
moisture content, cylinder inflation pressure, and cylinder rpm were
not significant at the U level. The only significant factor at all
was the kernel moisture content. It was expected that the feed rate
would increase with increase in cylinder rpm. The smooth cylinder
surface and lack of a positive feeding mechanism, however, might be
the reason for inconsistent feed rates.
There was less cob breakage in the rubber roller sheller compared
with the conventional combine. Figure 33 and Figure 34 stowed the
typical cobs from the rubber roller sheller and the combine, respectively.
The shelling in the rubber roller shellers is induced in the con
cave area by the combination of rolling action and repeated compressive
loading imparted to the rows of kernels as the ear passes over the uni
directional bar concave. Because of this repeated compressive loading,
the kernels undergo repeated compression until they are shelled.
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Table 5, Analysis of variance for broken corn and foreign material
Source Sum of
squares
Degrees of
freedom
Mean
square
F value
MC 1.85 4 0.46 9,66**
PSI 0.85 3 0.28 5.93**
RPM 0.52 3 0.17 3,63*
MC*PSI 1.01 12 0.08 1.76
MC*RPM 0.56 12 0.04 0.97
PSI-A-RPM 0.44 9 0.04 1,02
Residual 1-73 36 0.04
Corrected total 7,00 79 0.08
**Signiflcant at the 1% level,
^Significant at the 5% level.
Table 6, Analyaia of variance for severe damage
Source Sum of Degrees of Mean F value
squares freedom square
MC 45.00 4 11.25 11.79**
PSI 49.04 3 16,34 17.14**
RPM 26.29 3 8.76 9.18**
MC*PSI 9.04 12 0.75 0.79
MC*RPM 10,41 12 0.86 0.90
PSI*RPM 9.61 9 1.06 1.11
Residual 34.33 36 0.95
Corrected total 183.75 79 2.32
^♦Significant at the 17# level.
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Table 7, Analysis of variance for major damage
Source Sum of
squares
Degrees of
freedom
Mean
square
F value
MC 149,,28 4 37.,32 11.,86**
PSI 40,,66 3 13..55 6..31*
RPM 69.,03 3 23..01 7.,31**
MC*PSI 24.,71 12 2..05 0,.65
MCARPM 72..04 12 6,.00 1..90
PSI*RPM 39..18 9 4..35 1,,38
Residual 113..22 36 3..14
Corrected total 508..19 79 6..43
**Signifleant at the VU level,
★Significant at the 57o level.
Table 8, Analysis of variance for minor damage
Source Sum of
squares
Degrees of
freedom
Mean
square
F value
MC 82.45 4 20.61 5.98*^
PSI 8.50 3 2.83 0.82
RPM 36.82 3 12.27 3.56*
MC*PSI 37,05 12 3.08 0.89
MC*RPM 29,62 12 2,46 0,71
PS1*RPM 31,53 9 3,50 1.01
Residual 124,09 36 3.44
Corrected total 350.09 79 4,43
★★Significant at the level.
★Significant at the 57« level.
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Table 9. Analysis of variance for feed rate
Source Sum of
squares
Degrees of
freedom
Mean
square
F value
MC 4599.16 4 1149.79 2.97*
PSI 1946.19 3 648.73 1.78
RPM 1276.41 3 425.47 1.10
MC*PSI 5797,43 12 483.11 1.24
MC*RPM 3648.64 12 304,05 0.78
PSI*RPM 1503.57 9 167,06 0,43
Residual 13921.78 36 386.71
Corrected total 32693.20 79 413.83
★Significant at the 5% level.
The mechanical properties of the different parts of the kernel are
not the same. The embryo is the softest part compared with the endo
sperm and horny endosperm. Hence, when the kernels undergo compressive
shear when loaded at the crown by the rubber tire or crown being forced
against the concave by the tire, a compressive shear failure takes
place between the embryo and the endosperm. Some of the shear failures
(internal cracks) were found between the embryo and the endosperm. Others
were between the embryo and the horny endosperm passing through the
endosperm. All these types of internal cracks were found in sectioned,
sound, and damaged kernels shelled by the rubber roller sheller (Figure
27 and Figure 28).
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On the other hand, in the conventional combine, kernels are
shelled by the impact of the rasp bars. Those kernels shelled by the
direct impact are severely damaged, but those shelled by the indirect
impact are hardly damaged. Hence, most of them are shelled internally
crack-free (Figure 27),
Since the phenomenon of the crack development was observed during
the analysis of data, it is difficult to draw a definite conclusion
concerning the formation of the internal crack and its effect on
germination. This must be considered a preliminary study. The effect
of this internal crack on the loss of quality during drying, handling,
and storage operation has yet to be evaluated.
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CHAPTER IX, SUMMARY AND CONCLUSION
A rubber roller sheller constructed by Brass (20) in the form of a
laboratory test stand was further evaluated. The objectives of this re
search were to determine the effect of moisture content, cylinder in
flation pressure, and cylinder rpm of the rubber roller sheller on
kernel damage, shelling efficiency, and feed rate.
The analysis of variance for shelling efficiency indicated that the
moisture content, cylinder inflation pressure, and cylinder rpm are all
significant at the X% level. The shelling efficiency increased with in
crease in cylinder rpm and cylinder inflation pressure. The shelling
efficiency decreased with increase in moisture content.
The analysis of variance for damage index indicated that moisture
content, cylinder inflation pressure, and cylinder rpm are all significant
at the 17. level. In this case, the damage index increased with increase
in moisture content, cylinder inflation pressure, and cylinder rpm.
The analysis of variance for feed rate indicated that only moisture
content is significant at the 5% level. Lack of positive feeding mechan
ism and proper orientation of ears is mainly responsible for this situa
tion.
The formation of the internal cracks in the sound and damaged kernels
shows a definite need for further study before any development is made on
the rubber roller sheller. The effect of these internal cracks on germina
tion is a primary concern if the rubber roller sheller is to be used for
shelling seed corn,
A damage index was developed for quantitative, as well as qualita
tive, evaluation of kernel damage and used. This helps to evaluate
damage in terms of foreign materials, broken, chipped, and crushed kernels.
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CHAPTER X. RECOMMENDATIONS FOR FURTHER RESEARCH
The author makes the following suggestions for further research on
the Rubber-Roller Sheller, *
1, To investigate the nature of internal damage, caused by the
rubber roller sheller for different varieties of corn at dif
ferent moisture content.
2, To investigate the effect of internal damage on the loss of
quality during drying, handling and storage operation,
3, To investigate the rate of germination of the seeds shelled
by the rubber roller sheller.
4, To investigate the use of more aggressive cylinders for higher
feed rate and better shelling efficiency.
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APPENDIX A. CHART FOR CONVERSION OF EAR CORN TO
BUSHELS OF SHELLED CORN
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APPENDIX B. DATA RECORDED FOR THE RUBBER ROLLER SHELLER
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